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PURPOSE. To investigate the expression and role of the Wnt
signaling pathway in human limbal stem cells (LSCs).

METHODS. Total RNA was isolated from the human limbus and
central cornea. Limbal or cornea-specific transcripts were iden-
tified through quantitative real-time PCR. Protein expression of
Wnt molecules was confirmed by immunohistochemistry on
human ocular tissue. Activation of Wnt signaling using lithium
chloride was achieved in vitro and its effects on LSC differen-
tiation and proliferation were evaluated.

RESULTS. Expression of Wnt2, Wnt6, Wnt11, Wnt16b, and four
Wnt inhibitors were specific to the limbal region, whereas
Wnt3, Wnt7a, Wnt7b, and Wnt10a were upregulated in the
central cornea. Nuclear localization of �-catenin was observed
in a very small subset of basal epithelial cells only at the limbus.
Activation of Wnt/�-catenin signaling increased the prolifera-
tion and colony-forming efficiency of primary human LSCs. The
stem cell phenotype was maintained, as shown by higher
expression levels of putative corneal epithelial stem cell mark-
ers, ATP-binding cassette family G2 and �Np63�, and low
expression levels of mature cornea epithelial cell marker, cy-
tokeratin 12.

CONCLUSIONS. These findings demonstrate for the first time that
Wnt signaling is present in the ocular surface epithelium and
plays an important role in the regulation of LSC proliferation.
Modulation of Wnt signaling could be of clinical application to
increase the efficiency of ex vivo expansion of corneal epithe-
lial stem/progenitor cells for transplantation. (Invest Ophthal-
mol Vis Sci. 2011;52:4734–4741) DOI:10.1167/iovs.10-6486

The corneal epithelium is constantly renewed and main-
tained by corneal epithelial stem cells, or limbal stem cells

(LSCs), that are presumed to reside at the limbus, the junction
between the cornea and conjunctiva.1,2 LSCs undergo infre-
quent division and give rise to transient amplifying cells (TACs)
that continue to proliferate and migrate centripetally and api-
cally to maintain the normal homeostasis of the corneal epi-
thelium.3,4 These stem cells are characterized by a high capac-
ity of self-renewal and slow cycling in normal physiological

conditions, but they exhibit high proliferative potential during
wound healing and in tissue culture.5–7

Despite the success of corneal surface reconstruction by
transplanting ex vivo expanded LSCs in humans,8–11 the ex-
ternal and intrinsic signaling pathways that govern the self-
renewal and differentiation of LSCs remain largely unknown.
Several studies suggest that the extracellular microenviron-
ment/niche of LSCs appears to control their plasticity as in
other stem cells.12–14 For example, differentiated corneal epi-
thelium becomes dedifferentiated when cultured on limbal
stroma in vitro, whereas less differentiated limbal epithelial
cells become differentiated on corneal stroma.15 In addition,
the outgrowths from limbal explants lose stem cell properties
when they migrate further away from explant tissues that hold
the LSC niche.16 Successful transdifferentiation of hair follicle
stem cells into cornea-like epithelial cells under a corneal
limbal microenvironment further underscores the importance
of niche factors in stem cell differentiation.17

Wnt signaling is very complex and there are 19 Wnt pro-
teins, 10 Frizzled (Fzd) receptors, 4 Dickkopf (Dkk) inhibitors,
and several other Wnt inhibitory proteins that are currently
known to modulate the pathway. The Wnt pathway has been
implicated in the regulation of self-renewal and cell fate deter-
mination in embryogenesis and stem cells from a variety of
tissues.18–20 Wnt signaling is important in the development of
ocular tissues as well. Activation of canonical Wnt signaling
promotes the formation of retina in mice, whereas expression
of specific Wnt proteins and Fzd receptors in lens during
embryonic development indicates their function in lens epithe-
lium and lens fiber differentiation.21–25 Wnt4 expression was
detected in human fetal limbal epithelial cells and in the adult
limbal region26; lymphoid enhancer-binding factor 1 and friz-
zled-related protein (FRZB) were upregulated in limbal epithelial
cells within the limbal epithelial crypt structure.27 Interestingly,
Dkk2 regulates cell fate determination and Wnt/�-catenin activity
is required for proper development of the ocular surface epithe-
lium in mice.28 Nuclear localization of �-catenin is also observed
in actively dividing limbal basal epithelial cells that invade the
limbal stroma in explant cultures.29 Our previous results showed
that expression of Wnt inhibitory factor 1 (WIF1) is greater in the
limbus than that in the conjunctiva and cornea in vervet mon-
keys.30 These observations suggest a possible role for Wnt signal-
ing in LSC regulation.

In the study described here, we further investigated the
Wnt signaling pathway in human LSCs. Quantitative real-time
polymerase chain reaction (qRT-PCR) arrays revealed that dif-
ferent Wnt genes were preferentially upregulated in the limbal
region compared with expression in the central cornea. Acti-
vation of Wnt/�-catenin signaling promoted LSC proliferation
and increased colony-forming efficiency (CFE), and the progen-
itor/stem cell state of the treated LSCs was maintained. Taken
together, these findings indicate an important role for Wnt
signaling in the regulation of human LSC proliferation and,
possibly, differentiation.
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METHODS

Human Sclerocorneal Tissue

Human sclerocorneal tissues from healthy donors were obtained from
the Lions Eye Institute for Transplant and Research (Tampa, FL), the
Tissue Bank International (Baltimore, MD), or the San Diego Eye Bank
(San Diego, CA). Experimentation on human tissue adhered to the
tenets of the Declaration of Helsinki. The experimental protocol was
evaluated and approved by the UCLA Institutional Review Boards. Only
those tissues that had intact limbal and corneal epithelium were se-
lected for this study. The ages of the donors ranged from 20 to 65
years. For the purpose of RNA isolation, the death to preservation time
was �7 hours. The tissues were either snap frozen on dry ice on
procurement or preserved in solution (Optisol; Chiron Ophthalmics,
Inc., Irvine, CA) for �72 hours at 4°C. For immunohistochemistry,
death to preservation time was � 10 hours and time to tissue process-
ing was �6 days. For the purpose of cell culture, the limbal rim was
collected from the unused portion of healthy donor tissues immedi-
ately after cornea transplantation.

Primary Limbal Epithelial Cell Culture

Human limbal epithelial cells were isolated from the limbus of eye
bank corneas after the central cornea button was used for transplan-
tation. The residue iris tissue, endothelium, and conjunctiva were
surgically removed. The tissues were treated with 2.4 U/mL of a grade
II neutral protease (Dispase II; Roche, Indianapolis, IN) in keratinocyte
serum-free medium (KSFM) (Invitrogen, Carlsbad, CA) supplemented
with 10% fetal bovine serum (FBS) (Invitrogen) at 37°C for 2 hours.
The limbal epithelium layer was isolated under a dissecting micro-
scope. Single-cell suspensions were collected after treatment with
0.25% trypsin (Invitrogen) for 30 minutes. The limbal epithelial cells
were seeded on growth-arrested NIH 3T3 feeder layers obtained from
the American Type Culture Collection (ATCC, Manassas, VA) at a
density of 1 � 104 cells/cm2 in KSFM supplemented with 10% FBS,
bovine pituitary extract, and 10 ng/mL of epidermal growth factor.

To prepare growth-arrested feeder layers, subconfluent 3T3 cells
were incubated with 16 �g/mL mitomycin C (Sigma-Aldrich, St. Louis,
MO) for 2 hours at 37°C and then trypsinized. The mitomycin
C–treated cells were subcultured in Dulbecco’s modified Eagle’s me-
dium (DMEM; ATCC), supplemented with 10% FBS at a density of 2 �
104 cells/cm2. Lithium chloride (LiCl; Sigma-Aldrich) at a final concen-
tration of 500 �M was added to the culture medium of the treatment
group. The media was changed every 2 to 3 days and the length of time
for cell culture was between 14 and 21 days.

To assess the CFE of limbal epithelial cells, the culture dishes were
fixed and stained with 0.5% rhodamine B (Sigma-Aldrich) for 10 min-
utes. Colonies were counted under a dissecting microscope. CFE was
calculated by dividing the number of colonies by the number of limbal
epithelial cells seeded. The average from five independent experi-
ments was obtained and the P value was calculated by using the
Student’s t-test.

RNA Extraction and qRT-PCR

The corneal and limbal epithelia along with their immediate adjacent
stroma were dissected from human sclerocorneal tissues as described
previously.30 All tissue and cell culture samples were stored at �80°C
until RNA extraction was performed. To ensure complete homogeni-
zation of tissue samples, a serrated homogenizer (Omni International,
Marietta, GA) was used. Between periods of homogenization, the
probe was rinsed twice with filtered distilled deionized (ddI) water
(Millipore, Billerica, MA), once with 70% ethanol and twice again in
fresh ddI water. When RNA was isolated from cell culture samples, the
cultured cell layer was treated with 1 mg/mL of collagenase I (Sigma-
Aldrich) for 30 minutes at 37°C. The colonies were detached from the 3T3
feeder layer and collected with forceps under a dissecting microscope.
The isolated colonies were lyzed and homogenized using a biopolymer
shredding system (QIAshredder; Qiagen, Valencia, CA). Total RNA from

tissues and cell culture samples was then extracted (Qiagen RNeasy
Mini Kit; Qiagen). The quantity and quality of total RNA were assessed by
spectrophotometer (NanoDrop 1000; NanoDrop, Wilmington, DE) and
bioanalyzer (2100 Bioanalyzer; Agilent Technologies, Santa Clara, CA).
Only those samples that had an RNA integrity number � 9 and exhibited
minimal RNA degradation were used for subsequent experiments.

Total RNA was reverse-transcribed using RNase H2 reverse tran-
scriptase (RT; SuperScript II, Invitrogen) in triplicate, according to the
manufacturer’s recommendations. The relative abundance of tran-
scripts was detected through qRT-PCR using a PCR program mix
(Brilliant SYBR Green QPCR Master Mix; Stratagene, La Jolla, CA). The
protocol used a real-time PCR system (Mx3000p; Stratagene). Cycling
conditions were as follows: an initial denaturing step of 5 minutes at
94°C and subsequent 40 cycles of amplification in which each cycle
consisted of 15 seconds at 94°C, 30 seconds at 55°C, and 30 seconds
at 72°C. To generate a dissociation curve after the amplification cycles,
each sample was incubated at 95°C for 1 minute followed by a melting
curve program (55–99°C, with a 5-second hold at each temperature).
The fluorescence intensity of each sample was acquired during the
execution of the melting curve program and normalized in relation to
that of the housekeeping gene, glyceraldehyde-3-phosphate dehydro-
genase. The average value of the triplicates from each transcript was
used for comparison. At least three independent experiments were
performed on each donor and a total of three donors were used for the
qRT-PCR. To allow for direct comparison among independent experi-
ments, the ratio of the absolute expression values at the limbus to that of
the cornea was used. Any transcript with an expression ratio � 2 was
considered specific to the limbal region, whereas a ratio � 0.5 was
considered specific to the cornea. The primers used for qRT-PCR are listed
in Table 1.

TABLE 1. qRT-PCR Primers

Gene Direction Primer Sequence

Wnt2 Forward GCCCCTCTCGGTGGAATCTGGCTC
Reverse GCTGTGATCCCTGTCCAGGGTGTT

Wnt3 Forward CGAGTCGGCCTTCGTTCAC
Reverse CGAGTCACAGCCGCAAATG

Wnt6 Forward GGCTGTGGGCAGCCCCTTGGTTAT
Reverse CGAGCTAGCTCTGCCACCACT

Wnt7a Forward CATAGGAGAAGGCTCACAAATGG
Reverse CGGCAATGATGGCGTAGGT

Wnt7b Forward CACAGAAACTTTCGCAAGTGG
Reverse GGCTAGGCCAGGAATCTTGTT

Wnt10a Forward ACACAGTGTGCCTAACATTGC
Reverse TGGATGGCGATCTGGATGC

Wnt11 Forward CTGACCTCAAGACCCGATACC
Reverse CGAGTTCCGAGTCCTTCACAG

Wnt16b Forward GCCCAAGGAAACTGGATGTG
Reverse GCTCCCGCACTCCTGAATG

Dkk-1 Forward CATCAGACTGTGCCTCAGGA
Reverse CCACAGTAACAACGCTGGAA

WIF1 Forward AGGAGAGCCTGTACCTATGGA
Reverse TTCTCTGTTGCGCTTTTCTGA

FRZB Forward TCCCGAGGCCATCGTTACT
Reverse AGGCTTACATTTACAGCGTTCAC

SFRP-5 Forward TGCTGCACTGCCACAAGTT
Reverse GTGCTCCATCTCACACTGGG

Ki67 Forward CTTTGGGTGCGACTTGACG
Reverse GTCGACCCCGCTCCTTTT

ABCG2 Forward CCGCGACAGCTTCCAATGACCT
Reverse GCCGAAGAGCTGCTGAGAACTGTA

�Np63a Forward TCCATGGATGATCTGGCAAGT
Reverse GCCCTTCCAGATCGCATGT

K12 Forward CCAGGTGAGGTCAGCGTAGAA
Reverse CCTCCAGGTTGCTGATGAGC

Dkk-1, Dickkopf 1; WIF1, Wnt inhibitory factor 1; SFRP-5, se-
creted frizzled-related protein 5; ABCG2, ATP-binding cassette sub-
family G member 2; K, cytokeratin.
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Immunohistochemistry

The human sclerocorneal tissues obtained from eye banks were cut
into four quadrants and embedded in optimal cutting temperature
compound (Sakura Finetek, Torrance, CA) on dry ice. Tissues were cut
into 8-�m sections by using a cryostat (Leica CM3050S; Leica Micro-
systems, Wetzlar, Germany) and stored at �80°C until they were used.
Limbal epithelial cells cultured on mouse 3T3 feeder layers on chamber
slides (Laboratory-Tek; Nunc, Rochester, NY) for 20 days were used for
immunostaining. The cell culture slides or tissue cryosections were
fixed in 4% formaldehyde for 20 minutes and permeabilized by wash-
ing three times for 5 minutes with 0.3% Triton X-100 (Sigma-Aldrich) in
PBS (Invitrogen). Fixed slides were incubated with 5% blocking serum
(Jackson ImmunoResearch Laboratories, West Grove, PA) in 1% BSA in
PBS (Invitrogen) for 30 minutes, washed three times with 1% BSA/PBS,
and incubated with primary antibodies for 1 hour at room temperature
or at 4°C overnight. The slides were then washed three times with 1%
BSA/PBS and labeled with the appropriate secondary antibody for 1
hour at room temperature. Primary and secondary antibodies used are
summarized in Table 2. The nuclei were labeled with Hoechst 33342
nucleic acid stain (Invitrogen) at 0.5 �g/mL for 10 minutes. The slides
were then washed with PBS three times and mounted in gel mount
medium (Sigma-Aldrich). Pictures were taken under a 25� objective
using a fluorescent light microscope (Carl Zeiss Inc., Oberkochen,
Germany) or confocal microscope (Leica TCS-SP; Leica Microsystems).

Statistical Analysis

To eliminate the variation between experiments in the qRT-PCR, treat-
ment-to-control ratio values were obtained from each of the three
independent experiments and averaged. A Student’s t-test was per-
formed on the ratio values. Bar graphs represent means � SEM from
three separate experiments. A value of P � 0.05 was considered
statistically significant.

RESULTS

Expression of Wnt Signaling in the
Human Limbus

Total RNA was extracted from the human limbus and central
cornea, respectively. As an additional quality control measure
for our RNA samples, we analyzed the expression patterns of
known markers in the cornea and limbus in each of the RNA
samples isolated from three different donors. Cytokeratin (K)
12 is a specific marker of mature cornea epithelial cells,
whereas K15 is predominantly expressed in the limbal and
conjunctival epithelium.2,31 Expression levels of these two
markers were quantified by qRT-PCR. K12 transcripts were
predominantly expressed in the cornea but minimally in the
limbus, whereas K15 expression was restricted to the limbus

(data not shown). The expression levels of these two signature
genes correlate well with the expected expression pattern and
further validate the quality and the anatomic source of the
RNA.

To detect whether the Wnt signaling pathway was present
on the ocular surface, expression of Wnt signaling–related
genes in the human limbus and cornea was first screened by
using a PCR array of the Wnt signaling pathway. Several Wnt
activators and inhibitors were specific to either the limbus or
the cornea (data not shown). qRT-PCR was performed to fur-
ther confirm the above-mentioned preferential expression pro-
file (Fig. 1A). Wnt2, Wnt6, Wnt11, Wnt16b, Dickkopf 1 (Dkk-1),
FRZB, secreted frizzled-related protein 5 (SFRP-5), and WIF1
were all preferentially expressed in the limbus, whereas Wnt3,
Wnt7a, Wnt7b, and Wnt10a expression were upregulated in
the cornea. There were significant differences among the ex-
pression levels of the above-cited transcripts in the limbus and
cornea, respectively (P � 0.05). In addition, RT-PCR confirmed
the specificity of the primers for the preferential Wnt tran-
scripts by showing a single band of the predicted size (Fig. 1B).

Expressions of �-catenin and two specific Wnt transcripts in
the limbal region were confirmed at the protein level by im-
munohistochemistry on human sclerocorneal tissues. Confocal
microscopy showed that �-catenin was primarily located at the
cell membrane in all epithelial cells, but was also present in the
cytoplasm and nucleus in a small group of limbal epithelial
cells in the basal and suprabasal layers (Figs. 1C, 1D). White
arrows highlight nuclear localization of �-catenin (Fig. 1D,
inset). Membrane-bound �-catenin was evenly expressed in all
layers of the corneal epithelium (Fig. 1C). No nuclear localiza-
tion of �-catenin was observed in the corneal epithelium.

Wnt2 was expressed mainly at the superficial and su-
prabasal layers and, to a lesser extent, in the basal limbal layer
of the epithelium, but was barely detected in the corneal
epithelium (Figs. 1E, 1F). Wnt16 was predominantly localized
to the suprabasal and basal layers of the limbal epithelium. In
contrast, expression in the central cornea was limited to the
superficial epithelial layer (Figs. 1G, 1H).

Overall, we demonstrate that different Wnt signaling–re-
lated genes were preferentially expressed in the human limbus
or cornea. This finding suggests a role for Wnt signaling in the
regulation of corneal epithelial cell proliferation and differen-
tiation.

Activation of Wnt Signaling Promotes
Proliferation of Corneal Epithelial
Stem/Progenitor Cells

To investigate the function of the Wnt signaling pathway in
LSCs, we used LiCl, a well-established activator of Wnt/�-

TABLE 2. Primary and Secondary Antibodies

Protein Company Host Species Reactivity

Ki67 Dako, Carpinteria, CA Mouse Human
�-catenin BD Biosciences, San Jose, CA Mouse Human
Cytokeratin 12 Santa Cruz Biotechnology, Santa Cruz, CA Goat Human
BCRP/ABCG2 Abcam, Cambridge, MA Rat Human/mouse
p63� Cell Signaling Technology, Danvers, MA Rabbit Human
Wnt2 Santa Cruz Biotechnology, Santa Cruz, CA Goat Human
Wnt16 Santa Cruz Biotechnology, Santa Cruz, CA Rabbit Human
Alexa Fluor 488 IgG Invitrogen, Carlsbad, CA Goat Rabbit
Alexa Fluor 488 IgG Invitrogen, Carlsbad, CA Goat Mouse
Alexa Fluor 488 IgG Invitrogen, Carlsbad, CA Goat Rat
Alexa Fluor 488 IgG Invitrogen, Carlsbad, CA Donkey Goat

BCRP/ABCG2, breast cancer resistance protein/ATP-binding cassette sub-family G member 2; IgG,
immunoglobulin G.
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catenin signaling,32,33 by inhibiting glycogen synthase kinase
3-�, to activate Wnt/�-catenin signaling in vitro. Freshly iso-
lated human limbal epithelial cells in single-cell suspension
were cultured for 20 days in the presence or the absence of
LiCl. No increase in cell death was observed in the LiCl-treated
cell cultures by gross examination.

In the absence of LiCl, �-catenin was mainly membrane
bound or in the cytoplasm of a very small group of cells (Fig. 2A).
In the presence of LiCl, �-catenin was detected in the nucleus,
demonstrating nuclear translocation and indicative of Wnt/�-
catenin signaling activation (Fig. 2B, inset).

When Wnt signaling was activated with LiCl, the number and
size of the colonies were significantly greater (Figs. 2C, 2D). The
CFE ratio in the LiCl-treated groups was 1.7-fold higher than that
in the control groups based on five independent experiments
(Fig. 2E) (P � 0.05). The CFE ratio was obtained by dividing the

CFE of the LiCl-treated cultures by that from the control, which
was then set to 1. In two representative experiments, colonies
were also isolated from the feeder layer and the total number of
expanded epithelial cells was counted. LiCl treatment yielded an
average of 4.2 � 0.5 � 105 total limbal epithelial cells on each
30-mm culture dish and the number of epithelial cells in the
control was only 2.9 � 0.3 � 105. This result indicated a 1.4-fold
increase in the total cell number with LiCl treatment (Fig. 2F) (P �
0.05). Furthermore, to confirm that LiCl increased the prolifera-
tion of LSCs, Ki67, a proliferation marker, was used to detect
actively proliferating cells. Immunohistochemistry showed that
there were more Ki67� cells in LiCl-treated cultures (Fig. 3B) than
those in the control (Fig. 3A). The level of Ki67 expression was
further quantified by qRT-PCR (Fig. 3C). We detected a 2.9-fold
increase in the expression of Ki67 in the LiCl-treated LSCs com-
pared with that in the control (P � 0.05). These findings indicate

FIGURE 1. Endogenous Wnt expression in the human cornea and limbal epithelium. (A) Expression level of several Wnt and Wnt-related
transcripts quantified by qRT-PCR. The ratio of the expression level in the limbus versus cornea was used. A ratio � 2 was considered limbal-specific
and � 0.5 was corneal-specific. Wnt3, Wnt7a, Wnt7b, and Wnt10a were upregulated in the cornea, whereas Wnt2, Wnt6, Wnt11, Wnt16, Dickkopf
1 (Dkk-1), Wnt inhibitory factor 1 (WIF1), FRZB, and secreted frizzled-related protein 5 (SFRP-5) were overexpressed in the limbus. (B) RT-PCR
confirmed the predicted size for these Wnt transcripts. (C, D) Confocal microscopy confirmed �-catenin localization at the cell membrane in both
the limbal and corneal epithelium. �-Catenin was also observed in the cytoplasm and nucleus of select number of cells in the basal and suprabasal
layers of the limbus. White arrows (inset) highlight �-catenin localization in the nucleus of basal layer epithelial cells. (E, F) Wnt2 was highly
expressed at the limbal superficial and suprabasal layers and, to a lesser extent, at the basal epithelium. Expression was absent in the cornea
epithelium. (G, H) Wnt 16 was expressed at the limbal suprabasal and basal epithelium layers. Expression in the central cornea was limited to the
superficial epithelium. Scale bar, 50 �m.
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that activation of the Wnt/�-catenin signaling pathway promotes
the proliferation of limbal epithelial stem/progenitor cells in vitro.

Corneal Epithelial Stem/Progenitor Cells Remain
Undifferentiated When Wnt/�-Catenin Signaling
Is Activated

To examine whether activation of Wnt/�-catenin signaling
alters the differentiation status of cornea stem/progenitor cells

in single-cell suspension cultures, expression of two putative
LSC markers, ATP-binding cassette subfamily G member 2
(ABCG2)34,35 and �Np63�, were evaluated. Previously, Pel-
legrini et al.36 showed that p63 was highly expressed in the
basal epithelium of the human limbus, but was not detected in
the central cornea. This marker was also able to differentiate
human keratinocyte stem cells from transamplifying keratino-
cytes. Furthermore, the alpha isoform, p63�, was proposed to

FIGURE 2. Activation of Wnt/�-cate-
nin signaling using LiCl in primary lim-
bal epithelial stem/progenitor cells cul-
tured on the 3T3 feeder layer. (A, B)
Localization of �-catenin in the control
and LiCl-treated LSCs. In the absence
of LiCl, �-catenin was expressed pre-
dominantly on the cell membrane (A).
In the presence of LiCl, nuclear local-
ization of �-catenin was observed (B).
White arrows (inset) highlight
�-catenin nuclear localization in cul-
tured LSCs. (C–F) Effect of LiCl on CFE
and cell proliferation. In the LiCl-
treated dish (D), colonies were larger
and greater in number compared with
the control (C). The CFE ratio was 1.7-
fold higher in the LiCl-treated cultures
compared with control (E). The total
number of limbal epithelial cells
showed a 1.4-fold increase in the pres-
ence of LiCl (F). *P � 0.05. Scale bar,
20 �m.

FIGURE 3. Activation of Wnt/�-catenin signaling increased the proliferation of limbal epithelial stem/progenitor cells. (A, B) An increase in Ki67�

cells was observed in the LiCl-treated cultures (B) compared with control (A). (C) Ki67 expression level was quantified by qRT-PCR. *P � 0.05.
Scale bar, 20 �m.

4738 Nakatsu et al. IOVS, June 2011, Vol. 52, No. 7



be a more specific limbal epithelial stem cell marker than all
other isoforms of p63, and �Np63� has been shown to be
expressed only in the basal to intermediate layers of the limbal
epithelium.37–39 Expression of K12 was used to detect fully
differentiated corneal epithelial cells. Immunostaining showed
that high levels of both ABCG2 and �Np63� were expressed in
cultured limbal epithelial cells in the control and in the pres-
ence of LiCl (Figs. 4A–D), whereas K12 expression was de-
tected in a smaller population of cells in the LiCl-treated group
compared with the control (Figs. 4E, 4F). A primer that spe-
cifically amplifies �Np63� was used to detect this marker’s
mRNA expression level. Consistent with the observation from
the immunostaining experiment, ABCG2 expression was main-
tained, �Np63� expression was significantly higher, and K12
expression was significantly lower when Wnt/�-catenin signal-
ing was activated (Fig. 4G). These results demonstrate that
activation of Wnt/�-catenin signaling maintains the undifferen-
tiated phenotype of cultured LSCs.

DISCUSSION

This is the first comprehensive study to investigate the Wnt
signaling pathway on the human ocular surface epithelium. We
first showed that �-catenin is expressed in normal human
limbal and corneal epithelial cells. This observation was con-
sistent with previous findings.29,40 Of the Wnt molecules that
we profiled, Wnt2, Wnt6, Wnt11, and Wnt16b were overex-
pressed in the human limbus where corneal epithelial stem
cells are located, whereas Wnt3, Wnt7a, Wnt7b, and Wnt10a
were specific to the mature corneal epithelium. Interestingly,
Wnt7a expression rapidly increased in the central and periph-
eral regions of the human corneal epithelium during wound-
ing, where TACs and terminally differentiated cells reside,
whereas �-catenin nuclear localization was observed in corneal
epithelial cells at the leading edge of the wound.40,41 These
data suggest that during normal homeostasis of the corneal
epithelium, Wnt/�-catenin signaling may be relatively inactive
and can be stimulated during wound healing. This is consistent
with our finding that �-catenin is mainly membrane bound in
the normal intact corneal epithelium (Fig. 1C). FRZB was
shown to be upregulated in limbal epithelial cells within the

limbal epithelial crypt structure compared with the cornea,
which is consistent with our findings.27

Wnt signaling has diverse effects on various stem cells. In
mouse and human embryonic stem cells, activation of the Wnt
pathway sustains self-renewal of human embryonic stem
cells.42–45 In adult tissues, specific Wnt proteins regulate self-
renewal and differentiation of neural stem cells,46,47 skin stem
cells,48–50 and intestinal stem cells.51,52 The observation that
some Wnt proteins regulate self-renewal and others regulate
differentiation suggests that the effects of Wnt molecules likely
depend on the intrinsic responsiveness of the target cells and
the niche factors under physiological conditions.42,53–56 Our
previous finding showing that the limbal region has a different
transcriptional profile compared with that of the cornea sup-
ports this notion.30 The exact role of each of these limbal-
specific Wnt molecules in the regulation of self-renewal or
differentiation of corneal epithelial progenitor cells will need
further investigation.

The expression of �-catenin, which is critical in cell adhe-
rens junctions57 and is the key mediator of canonical Wnt
signaling, was detected in the cell membrane of undifferenti-
ated and mature corneal epithelial cells. Nuclear localization of
�-catenin was detected in a small subset of basal epithelial cells
in the limbus, which indicates that Wnt/�-catenin signaling is
active (Fig. 1D, inset). Kawakita et al.29 reported �-catenin
nuclear localization in limbal basal epithelial cells under air
exposure and these cells were actively proliferating, as indi-
cated by Ki67 expression. Their finding is consistent with our
finding.

Interestingly, WIF1, a secreted protein that binds to Wnt
molecules and inhibits Wnt signaling,58 and FRZB were previ-
ously shown to be preferentially expressed at the limbus,27,30

and our present study shows that WIF1 and FRZB are also
upregulated in the human limbus (Fig. 1A). Furthermore, two
other Wnt inhibitors, SFRP-5 and Dkk1, were upregulated in
the limbus. In contrast, we did not detect any Wnt inhibitors
that were specific to the central cornea. These findings are
intriguing and suggest that Wnt signaling may be inhibited in
LSCs under normal physiological conditions to induce a quies-
cent state despite the presence of several Wnt activators. In
this scenario, only on removal of these Wnt inhibitors would
Wnt signaling be activated to induce expression of down-

FIGURE 4. The undifferentiated state of LSCs was maintained when Wnt/�-catenin signaling was activated. (A–F) Expressions of ABCG2, �Np63�,
and K12 were detected by immunostaining. There was high expression of ABCG2 and �Np63� in both control and LiCl-treated cultures (B, D).
Expression of K12 in the control (E) was much higher compared with that in LiCl-treated cultures (F). (G) Relative mRNA expression levels
quantified by qRT-PCR. Expression of ABCG2 was maintained and expression of �Np63� was significantly higher in LiCl-treated cultures. K12
expression was lower in the presence of LiCl. *P � 0.05. Scale bar, 20 �m.
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stream target genes. This concept is consistent with results
from a study in keratinocyte stem cells in the human hair
follicle bulge where two Wnt inhibitors, WIF1 and Dkk3, were
upregulated, a result that also suggests repression of Wnt
signaling in keratinocyte stem cells promotes quiescence.59

This well-checked Wnt signaling is of great significance in
preventing development of cancer from unregulated prolifer-
ation. Further studies are necessary to test this hypothesis.

LiCl-treated cultures yielded larger colonies that also con-
tained increased numbers of limbal epithelial cells, a result that
indicated a higher proliferation rate. This finding was con-
firmed by significantly increased expression of Ki67. Impor-
tantly, the expression levels of two putative LSC markers,
ABCG2 and �Np63�, were preserved, and the expression of
the maturation marker, K12, decreased. A significant increase
in �Np63� mRNA expression was observed in LiCl-treated
cultures compared with control (Fig. 4G). This specific isoform
is proposed to be a more specific marker of LSCs.37–39 There
was also an increase in ABCG2 mRNA expression in the LiCl-
treated LSCs, although the difference did not reach statistical
significance. The intensity of the fluorescence in the immuno-
histochemistry study also slightly increased in the LiCl-treated
group, but the overall intensity did not differ dramatically.
Taken together, these results suggest that the activation of the
Wnt/�-catenin signaling pathway promotes expansion of LSCs
without inducing differentiation in vitro. However, there is a
variation in the effectiveness of LiCl in the LSC cultures. Addi-
tional studies will be needed to further elucidate the exact role
of individual limbal-specific Wnt proteins in the regulation of
LSC proliferation and differentiation.

A higher CFE was observed in LSC cultures when Wnt/�-
catenin signaling was activated. This increase may be attrib-
uted to a higher proliferative capacity of cells that do not
normally proliferate in the current culturing system. The other
possibility is that activation of Wnt/�-catenin signaling pre-
vents premature apoptosis of LSCs in vitro. LSCs undergo
apoptosis in culture when they are removed from their natural
niche.60 The niche factors provide crucial survival signals to
stem cells in addition to regulating their proliferation and
differentiation. Several papers have reported that Wnt/�-
catenin signaling inhibits apoptosis in a variety of cell
types.61–64 It is possible that canonical Wnt signaling promotes
cell proliferation and prevents cell death in cornea epithelial
progenitor cells in vitro. Therefore, appropriate modulation of
Wnt/�-catenin signaling has potential clinical application to
increase the efficacy of ex vivo expansion of LSCs.

In conclusion, our findings demonstrate that the Wnt sig-
naling pathway is present in ocular surface epithelial cells and
that several Wnt activators and inhibitors are exclusive to the
limbal region where cornea epithelial stem cells are located.
Activation of Wnt/�-catenin signaling increases proliferation
without inducing differentiation of cornea epithelial progeni-
tor/stem cells in vitro. Taken together, our findings suggest a
pivotal role of the Wnt signaling pathway in the regulation of
LSC proliferation.
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